I N T R O D U C T I O N
Scientific communication in the biopharmaceutical industry occurs largely through documents, as evidenced by the elaborate document management processes and the volumes of paper that are features of traditional drug development and marketing. Although sophisticated techniques and tools are available for managing these documents, the number of documents that must be managed within any one organization continues to escalate. This increase in complexity limits our abilities to identify, to find, and to retrieve key items of information within and across these documents, as well as our ability to reuse the information effectively and efficiently. Mired in documentation, current clinical research processes are heavily dependent on human intervention, complex data integration steps, and interpretation. The translation and transcription of salient clinical information from these documents into other documents and databases, so that it can be used to drive related internal and external processes, including report generation and knowledge management, is essentially still a manual process. Perhaps the best illustration of this is the complex document that lies at the core of all trials-the protocol. As defined by the International Conference on Harmonisation (ICH) of Technical Requirements for Registration of Pharmaceuticals for Human Use, a protocol is a document that describes the objective(s), design, methodology, statistical considerations and organization of a trial. The protocol usually also gives the background and rationale for the trial, but these could be provided in other protocol referenced documents (1).
The protocol document is used in clinical research in much the same manner as a blueprint is used in the construction of a building. It is the definitive source for most of the key information about the study throughout its life span, including Institutional Review Board (IRB) evaluation, site setup, recruitment, inventory management, data management, database lock, analysis, reporting, and often beyond to regulatory submissions and postapproval marketing.
Currently, this information is buried within a monolithic text document. This creates two problems. First, it limits the ability to assess the quality of the protocol. Today's densely written documents are often ambiguous and lack clarity in describing procedures. For example, ensuring that inclusion and exclusion criteria are specified correctly and consistently throughout the protocol is time consuming and resource intensive. Inconsistencies can be found after the protocol has received IRB approval or even after the trial has started, which cause significant delays while the protocol is rewritten, reapproved, and redistributed.
A more profound limitation is in the ability to locate and reuse that information, internally and externally, in downstream processes, documents, databases, and reports. For example, we may want to know whether a particular study is a blinded study. At present, one simple approach might be to use a search tool on the text document to search for key words such as "study design" or "blind," but a full-text search usually requires the user to consciously tab through several findings of the word "blind" until the appropriate usage is identified (eg, "This is a double-blind study."). Furthermore, if synonyms are used (eg, "masking" for "blinding"), such an approach will fail. The surest way is for a qualified individual to read the entire document carefully from the beginning.
Since the mid-l990s, ICH guidelines have provided content and format standards for some of the most common clinical research documents submitted to regulatory agencies. Most drug development organizations and major academic medical centers have designed internal templates based on these guidelines and related regulatory requirements. Familiarity with these guidelines, or templates, certainly aids manual navigation, but the information is not sufficiently structured to be usefully interpreted by computer applications in a consistent manner.
Furthermore, we often need to find detailed information (eg, degree of blinding) not for just one study but for many and across many documents. For example, a regulatory agency may request that a sponsor provide data from all clinical trials conducted on a drug that included geriatric patients with previous history of heart disease. If the sponsor is not already tracking this, and especially if this drug has been on the market for several years or has multiple approved indications, this information cannot be provided without a substantial amount of manual effort. In addition, recent interest in ensuring transparency of clinical research activities, and providing patients with a means to identify ongoing clinical studies in which they could participate, has encouraged the global development of registries with readily searchable key protocol information. The clinical research and drug development industries would clearly benefit from a computable way to find and repurpose clinical research information. (6) .
P R OTO CO L REP R ES E NTATlO N STAN DARD-I N IT1 AL PROGRESS
As of 2006. 264 protocol elements had been identified and described. These are posted as a spreadsheet in the "Standards" area of the CDISC Web site (7) . During the development of this spreadsheet, every effort was made to accommodate different types of protocols for clinical research on a global basis. The spreadsheet contains detailed information about each element, including the element name, definition, explanation, and sources for each element and definition. Much of this information was concurrently used to enhance the CDISC glossary (8). Elements are categorized within the spreadsheet by the section heading topics outlined in ICH E6 (Figure 1 ).
An example of the spreadsheet hierarchy, which includes headers, subheaders, and elements, is shown in Figure 2 .
A S T A N D A R D STRUCTURED PROTOCOL REPRESENTATION
The spreadsheet resulting from the initial work to identify and describe standard elements of a protocol is undeniably useful for many purposes, including building consensus around protocol content and meaning and ensuring that all necessary elements would be included in a newly authored protocol. However, the spreadsheet structure is basically flat, lacking information on how each element relates to another, the overall study process, and whether it is a single element or representative of a collection of elements.
Following an initial attempt at creating an HL7 model from a subset of the protocol elements, it became clear that the approach and priorities for the PR work needed to be reviewed and revised. New directions for this effort included (a) leveraging standards that had matured since the initiation of the PR project, along with the PR elements spreadsheet, particularly the CDISC SDTM TDM and Trial Summary domain [which is identified as a specification in the FDA Final Guidance for esubmissions (9)]: (b) leveraging the domain analysis model that had been initiated to harmonize the CDISC standards and represents protocol as the research plan: and (c) agreeing on an initial set of priority use cases out of the many in which the protocol is involved in clinical research. On the basis of the new direction, the use cases that were agreed to be highest priority were the following:
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1. To support the CDISC SDTM (eg, trial design, inclusion/exclusion criteria, planned assessments, interventions, and analyses).
To support study tracking databases (eg, EudraCT, clinicaltrials.gov, the protocoVtrial tracking aspect of trial registry, or results databases or databases that support project management tools). 3. To support the development of the clinical trial protocol document.
The new scope and mission for the PR group thus became
To develop a standard structured protocol representation that supports the entire life-cycle of clinical research protocols to achieve semantic interoperability (the exchange of content and meaning) among systems and stakeholders.
In this context, the term "structured" means that the data elements, and the relationships between them, are defined consistently and unambiguously, and are thus computable (ie, amenable to automated processing) and will enable semantic interoperability (exchange of content and meaning). For information from any standard to be acted on by a machine, it must be not only consistent but also compartmentalized, or broken into components or subcomponents that are identified and clearly defined, with the relationships between them likewise clearly defined. This process of assigning identification to information requires people to be unambiguous and precise about meanings and terminology (ie, semantics) and to reach a consensus on meaning where none may have existed before. Any experienced clinical site monitor, investigator, or regulator will quickly confirm that the typical clinical trial protocol document contains many implied meanings and unclear instructions that often lead to misinterpretations, errors, and inconsistencies in trial conduct. This becomes especially complicated when different companies/protocol sponsors have different meanings for the same word. The analysis that must be conducted to create a structured protocol can add value through improved clarity and communication, even if there is no immediate use case for computability of that protocol. In other words, this analysis confers benefits that can be realized even in a paper-based world.
In addition to precise, unambiguous definitions for the elements in the PR spreadsheet, there must be a means to capture the information necessary to describe the richness and complexity of the relationships among the protocol elements, that is. a method for representing how these protocol elements relate to, and interact with, other items of information in the clinical trial life cycle. The aforementioned domain analysis model, now named the Biomedical Research Integrated Domain Group (BRIDG) model, fulfills this purpose.
THE B R I D G MODEL
The BRIDG model is now being approached as a collaborative project led by CDISC, National Cancer Institute (NCI), FDA, and HL7 and includes representatives from these organizations and other stakeholders. The goal is to construct a comprehensive domain analysis model that represents biomedical and clinical research in the context of health care. For the BRIDG model, clinical research is the domain of analysis.
The development of the BRIDG model was initiated by CDISC in 2004 as an effort to harmonize existing CDISC models among one another and to harmonize clinical research standards with health care standards. Representatives of the CDISC board developed the initial model, which had the protocol as a major component at its center. The HL7 RCRIM Technical Committee (which was initiated by CDISC, HL7, and FDA) soon adopted this model as its domain analysis model.
Using the HL7 Development Framework (HDF) methodology, an HL7 expert led clinical research domain experts through a series of focused modeling and vetting sessions to develop an overarching model intended to represent the entire clinical research domain. The HDF provides a means of eliciting knowledge from subject-matter experts and representing it in a Unified Modeling Language (UML) diagram, using naming conventions and terminology that are familiar to these subject-matter experts. This is the first action in a set of modeling steps necessary for achieving successful harmonization with the HL7 Reference Information Model (RIM), which because of its abstract and complex nature, typically requires HL7 expertise (a highly technical skill set not prevalent within the clinical research community) to navigate and interpret effectively.
Concurrent with this CDISC initiative, the NCI instituted a research project called the Cancer Biomedical Informatics Grid (caBIGTM)-a large-scale initiative aimed at creating an interconnected grid of shared data and software tools to support the cancer research community in the delivery of molecular medicine, in the form of innovative therapies, to cancer patients (10). Rather than construct yet another standard for the interchange of protocol information, researchers from the caBlG program collaborated with CDISC and HL7 to develop the BRIDG model: CDISC and BRlDG models were considered to be "best of breed" for the clinical research domain.
In November 2004, a team of modelers and clinical protocol experts representing CDISC, HL7, and caBlG assembled to begin collaborative work specifically focused on the clinical trial protocol and incorporation of these elements into the existing BRIDC model. Using the initial model developed by CDISC and the 264 protocol elements identified by the PR group as a starting point, the team held a series of meetings over the next six months to construct the preliminary scaffolding of a UML model for protocol-driven clinical research.
The process for modeling the protocol meant representing the entire plan for the clinical trial and concentrating on the protocol as a plan for a trial, as opposed to an actually instantiated trial. Placing the 264 protocol elements within the rich representation of the BRIDG model provided a way for subject-matter experts to describe both the "what" and the "how" of clinical trials and established a forum for subject-matter experts to clarify the semantics of those protocol elements. The modeling process required domain experts to be rigorous in defining each clinical research information element, in defining the relationships between each element, and in placing the elements and the relationships into the context of specific work processes. This required domain experts to define roles, responsibilities, and the interaction of elements as part of clinical research. For example, knowing that a particular data element is used both for tracking a clinical trial and for registering a clinical trial with external registries would be useful in defining the semantics and the requirements necessary for that element.
In addition to the value that the BRIDG modeling effort has had in clarifying the semantics of clinical research and producing a comprehensive and clear representation of clinical research data elements, the process of developing the BRIDG model has served to unify communities within biomedical research, including pharmaceutical development organizations, government bodies, academic medical centers, standards organizations, and related service and technology providers. The HL7 RCRIM Technical Committee has now agreed that the BRIDC model should serve as its domain analysis model for developing all of their standards. CDISC is using the BRIDG model to help harmonize the existing CDISC standards to support the entire life cycle of clinical research. Within the caBIG program, the BRIDG model is the starting point in the process of developing interoperable applications that share a common semantic foundation, and harmonization is under way to ensure that these diverse applications and groups can realize the promise of BRIDG and interoperate in a predictable way.
The BRIDG model will continue to evolve, even as it is being implemented for specific developed applications. It is an open model, undergoing collaborative development by several key stakeholders. Anyone can contribute to this model by volunteering in one of the stakeholder organizations or by visiting the open-source Web site for the BRIDG project (11) . From this Web site, the model can be viewed and downloaded in various formats. Process guidelines for harmonizing existing clinical research information models into BRlDG are in preparation, and an advisory board of representatives from the key stakeholders has been established to ensure that the model remains open, collaborative, and applicable to the stakeholder communities. The model will remain valuable only to the extent that the subject-matter experts within the community contribute to it, interact with it, build on it, and use it.
L O O K I N G F O R W A R D
Although structuring information requires careful analysis of how information should be divided or parsed into smaller units, the goals and intended use for the structured information must drive this analysis to ensure that the resulting representation is useful. The protocol document is used in many activities and serves multiple purposes throughout the life cycle of the clinical trial. The ultimate goal of the structured protocol is to make clinical protocol information backward-referenceable and forwardreusable within and across multiple clinical trial documents, databases, and systems.
Three PR priority use cases will enable the development of a standard machine-readable protocol in stages, based on current needs, implementations, and additional use cases. These will both complement and support some of the other BRIDG initiatives that are under way by various stakeholders. The three priorities for furthering the protocol representation work will be described in greater detail; the analogous components of the protocol, which these priorities support, are depicted in Figure 3 .
PRIORITY 1: SUPPORT THE CDISC STUDY DATA TABULATION MODEL (SDTM)
In July 2004, the FDA announced its desire to receive data for New Drug Applications (NDAs) in the SDTM standard format (12) . Since then, several NDA submissions have employed the SDTM and more are in preparation. The SDTM is a standard for submission of study data tabulations and also study design information; such a standard for submission of data provides many benefits to regulatory reviewers. Through the use of tools built to read standard SDTM information, reviewers can work with the data more efficiently, with less preparation time. In addition, the FDA and NCI are currently implementing a cross-trial data warehouse (Janus) that will include both information on the study plan/design (ie, protocol information) and the results of those studies. Structured protocol provides the baseline plan so it can be effectively compared against actual data by reviewers. Some of the most important FDA priorities for structured protocol representation include:
Trial design Inclusion/exclusion criteria Planned assessments (time and events table) and
Explicit statistical analysis plan components
The PR group is developing structured representations of each of these key portions of the clinical trial plan.
The TDM describes a general model for representing treatment arms (represented as horizontal bars in Figure 4) , elements within an arm and visits (represented as the cells at the intersections between the horizontal and vertical bars), and is published as part of the SDTM.
Inclusion/exclusion criteria will eventually need to be described in a computer-executable manner, which is being pursued. The planned assessments and interventions supports the time and events table, sometimes referred to as the schedule of events, or study calendar, which is found in all clinical trial protocols. Elements of the statistical analysis plan that are typically found in protocols are also included planned interventions 1 in the PR spreadsheet and are being incorporated into the PR model.
When these content models are available, they will be modeled and harmonized into the BRIDG. XML implementations, both extensions of the CDISC Operational Data Model (ODM) and HL7 messages, can then be developed. Work is also under way both to develop interfaces to existing software packages and to develop new applications to support these elements. So another goal of the PR group is to use the PR model as an interface with these tools to facilitate, not only the protocol authoring but also the setup of the trial databases and the data collection (case report) forms based on that protocol.
Although the SDTM was designed for submission of data to regulators, it is also used to facilitate data interchange between trial sponsors, partners, and technology or service, providers. If a drug development organization is going to use the SDTM for any reason, it seems logical to increase return on investment by using a protocol standard that is compatible in structure and can be applied throughout the clinical trial life cycle. The recently completed CDISC business case (U), in fact, indicates that the most value from standards applied to clinical research comes when they are implemented in the startup stage of a study, especially in the earliest stages of clinical development.
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Components for developing a machine-readable protocol.
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Example ofthe arms and epochs in a protocol using the TDM ( 
SUMMARY) AND TRACKING DATABASES
The next highest priority for developing the structured protocol is the creation of a model to support protocol/trial tracking and the various clinical trial registries, such as the European clinical trials tracking database (EudraCT), clinicaltrials.gov, and the NCI's Physicians Data Query (PDQB). Such a model would logically encompass a sufficiently representative subset of the eventual structured PR.
Building on previous work, the PR spreadsheet of elements, which had already undergone a significant level of critical review, was used to identify a subset of appropriate elements for trial registration or trial tracking. This subset was further developed into a clinical trial registry (CTR) element spreadsheet that has been cross-referenced extensively with code lists for clinicaltrials.gov (14) . the World Health Organization (WHO) Registration Data Set v2.2 (15), SDTM Trial Summary Codes (SDTM V3.1.1), PDQ DTD/Schema, and EudraCT. As discussed earlier, because the spreadsheet format lacks the structure required to define the domain fully, these elements were modeled for harmonization into the BRIDG model ( Figure 5 ).
Elements that map directly to the WHO Registration Data Set have already been added as an extension to the CDISC Operational Data Model (an XML backbone that carries CRF data and also can carry the SDTM data and metadata). thus enabling electronic WHO registration transmissions today. An HL7 standard is also being considered as an alternate implementation for use in transmissions to multiple trial registries.
Inclusion and exclusion criteria are an essential component of trial registries, thus the development of machine-readable eligibility criteria (see priority 1) may actually be viewed as an extension to the CTR work. This is an area of the protocol that is of great interest to many different stakeholders. The stakeholders include registries, those offering ways to match patients to protocols, protocol-authoring software vendors, trial conduct management software vendors, and clinical trials staff eager to reduce the subjectivity of interpreting the eligibility criteria text. A machine-readable standard might also facilitate the conduct of international trials by framing the criteria using international standards and code lists to represent textual eligibility criteria. , .
I
.. As a key aspect of the BRIDG modeling, the elements and semantics from the PR spreadsheet of common protocol elements have laid the foundation for representing detailed structure of specific use cases for protocol information within BRIDG. The structuring of key pieces of the protocol such as the trial design and the planned time and events table has the potential to support and significantly enhance important use cases elsewhere in the life cycle of a clinical trial from case report development and registration though submission.
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C L I N l l A L R E S E A R C H S T A N D A R D S
The BRIDG can serve as a basis for CDISC ODM, HL7 V 3 messages, or other implementa-tions. The semantics will be the same (ie, based on a common domain analysis model) so that the information can be readily exchanged and integrated across different tools, applications, and databases, regardless of the way the protocol representation content standard is implemented.
Through a combination of structured clinical trial information and standards-based tools, the drug development industry and other areas of biomedical research will reap the benefits that the developers of the structured protocol and BRIDG have been striving to achieve.
